garments are cleaned in a nonaqueous solvent, has witnessed many refinements. Gasoline and carbon tetrachloride have been replaced as dry cleaning fluids by perchloroethylene (perc, and also known as tetrachloroethylene), Stoddard solvent (a petroleum distillate) and fluorocarbon 113.
Soaring solvent prices coupled with forebodings of stricter solvent emission levels have steered dry cleaning equipment manufacturers along a course of closed-loop design and "building a tighter ship". Although the economics clearly favour the new, more efficient and less polluting equipment lines for any dry cleaner about to set up shop, the economics of modernizing existing facilities are more complex. Even so, the potential for recouping lost solvent dollars and preventing pollution __ by simple low-cost housekeeping measures is large, and in many instances, virtually untapped.
~

Industry Profile
Dry cleaning establishments include industrial dry cleaners, commercial dry cleaners and coin-operated facilities. The majority of dry cleaning establishments occur within the urban landscape, and as such, fugitive solvent emissions will inevitably impinge on neighbouring shops and homes. Although most dry cleaners recycle the cleaning solvent on the premises, many establishments still vent solvent-laden plant air and dryer exhaust directly into the atmosphere.
Based on a 1977 study by the Department of Industry, Trade and Commerce, 13,800 Canadians are employed in the laundry and dry cleaning industry.' Industrial outfits tend to be the largest of the dry cleaning plants, frequently processing 1 million pounds of garments such as uniforms and work gloves each year.2 In the US., 50% of industrial dry cleaners use perc as the cleaning solvent. The rest use either petroleum solvents or fluorocarbons.
Commercial installations range from small neighbourhood shops, which clean clothes on the premises, to large multi-outlet dry cleaning operations which collect soiled clothes from a network of outlets and clean them at a centralized facility. Based on data from the International Fabricare Institute, the typical commercial installation has a n annual throughput of 50,000 to 250,000 pounds (23,000 to 113,000 kg) of clothes which undergo dry leaning.^ Industry spokesmen estimate that 75 to 80% of the commercial facilities in Canada use perchloroethylene as the cleaning solvent. Coin-operated dry cleaning facilities typically form part of the self-service laundromat facilities distributed throughout most communities. Most coinoperated dry cleaning machines use perchloroethylene.
Health and Environmental Effects of Dry Cleaning Solvents
Perchloroethylene
Perchloroethylene, in widespread use since the 1950s, is a chlorinated hydrocarbon observed to induce liver cancer in laboratory mice, but not in ratse4 A preliminary epidemiological study found a higher incidence of Table 2 ). Data compiled by the LaundryCleaning Council indicate that emissions from poorly operated perc plants may reach or exceed 600 ppm.8 NIOSH (National Institute for Occupational Safety and Health) has since recommended that workers not be exposed in excess of 50 ppm for a 10-hour work-day, 40-hour work-week. The 50 ppm limit is still under consideration.9 vapour recovery is already widely practised to make fluorocarbon machines competitive with perchloroethylene and petroleum machines.
From a health standpoint, both petroleum and fluorocarbon solvents are less hazardous than chlorinated hydrocarbon solvents such as perchloroethylene. However, from a n environmental perspective, neither petroleum nor fluorocarbon solvents is an ideal candidate as a cleaning solvent.
The Dry Cleaning Process and Sources of Wastes
During dry cleaning, garments and solvent are agitated in an enclosed, perforated cylinder called a dry cleaning unit similar to the laundry washing machine.
The garments are then spun in the washer to extract much of the solvent. Used solvent is constantly filtered to remove insoluble impurities. Filtration is followed by distillation to remove the soluble impurities such as oils, fats and greases that were once present in the dirty garments.
During distillation (see Figure  l) , the contaminated cleaning
Petroleum Solvent
Petroleum solvent appears to be less hazardous than perc, although it must be recognized that little published data exist on industrial exposure to petroleum solvent vapours. The current OSHA standard of exposure to petroleum solvent vapour is 500 ppm (see Table 2 ). Symptoms accompanying overexposure to Stoddard solvent include irritation of the eyes, nose and throat, as well as dizziness and headache.
From a health standpoint, petroleum solvent is less hazardous than chlorinated hydrocarbon solvents such as perchloroethylene. However, from an environmental perspective, petroleum solvents are far from ideal candidates as cleaning solvents. Petroleum solvent vapours, like other hydrocarbons, are photochemically reactive and instrumental in producing smog.
Fluorocarbons
Compa-ed to other cleaning solvents, fluorocarbon solvents such as F-113 are least hazardous to human health. OSHA's occupational exposure standard for F-113 vapour is 1000 ppm (see Table 2 ). However F-113, like other fluorocarbons, is implicated in the destruction of the ozone layer. Destruction of the protective ozone layer is predicted to result in increased incidence of skin cancer. Because fluorocarbons are relatively expensive solvents, solvent fluid is heated, permitting solvent and water to vapourize. These vapours leave the still and enter a co denser where they pass over -wg" ter-cooled coil surfaces and condense.1° Using a separator, water is removed from the solvent-water mixture and discharged to the sewer system. The amount of solvent discharged in the wastewater to the sewer depends upon the effectiveness of the separation tank in separating solvent from the water mixture. However, small quantities of solvent dissolve in water and are discharged with the wastewater. The purified solvent, once free of soap and other impurities, is ready for re-use.
The extracted garments are tumbled dry. During the drying cycle, much of the evaporated solvent is recovered in a condenser and re-used. Depending on the nature of the fabric cleaned, the extracted garments retain up to 45% of the solvent, by weight."
The high cost and potential toxicity of perchloroethylene necessitates that dryer equipment include a reclaiming system. In a reclaiming dryer, solvent vapour given off during drying is condensed, separated from the water fraction and re-used (see Figure 2) .
During the drying cycle, circulating heated air carries evaporated solvent to a condenser for reclaiming. After the heated air cycle has finished, the dryer is set to "vent". This opens a flap which allows rood air to circulate through the dryer to cool the garments. Vented air is typically released to the outside environment.
In old equipment, this venting process, also known as deodorization, is accomplished by opening the dryer door slightly and venting plant air through the clothes in the dryer.
There are many ways in which solvent can enter both the working environment and the outside environment.
Solvent losses are possible from the transfer and storage of solvents, from leaks and damaged gaskets, and from poor hose connections, couplings and valves.
Solvent is lost to the sewer because of limited efficiency in Another potential source of solvent loss concerns disposal of sludge. Filters will contain sludge consisting of filter powder holding % a residue. Many plants now use cartridge filtration systems. When the cartridge life is over, most of the solvent is drained before removal.
In perchloroethylene systems, the sludge may be heated and "cooked out" which leaves a dry powder/soil mixture containing small amounts of solvent.
Petroleum solvent systems work similarly, except there is no heat application for solvent removal. Depending on the age of the equipment, wet or dry sludge is removed. In older filters, sludge is deposited on the filter bottom in a wet or slop form. In newer equipment, the solvent is forced from the sludge by air pressure. When the sludge is removed from the filter, it is dried to the point that no liquid solvent remains but the sludge is still moist.
Solvent residue from the distillation unit can emit potentially hazardous vapours or leach into the ground if disposed at a local landfill site. Solvent residue from the distillation unit must be handled as a hazardous waste in the United States.
A few years ago when solvent was cheap and emission controls more relaxed, an average of 200 pounds of clothes were cleaned per gallon of solvent used.7 About 10% of the total solvents used annually escaped to the environment. Now, equipment is available which operates at an efficiency of 1000 pounds per gallon, thereby slashing solvent losses to a fifth of their previous level.7 The term solvent mileage, used to indicate the pounds of clothes cleaned per drum of solvent, is fast becoming part of every dry cleaner's vocabulary.
There can be little doubt that dry cleaning equipment is becoming increasingly efficient, and as such, is a major force in diminishing environmental pollution from dry cleaning plants. But installing efficient equipment is only half the battle. Despite the lure of high solvent mileage by equipment manufacturers, many operators achieve disappointing efficiencies. Good housekeeping practices to limit fugitive emissions are an integral part of minimizing pollution as well as enhancing company profits.
1.
Good Housekeeping
Total solvent emissions from dry cleaning facilities can vary greatly with operational, maintenance and housekeeping procedures.
A 1980 study by the U.S. Department of Health and Human Services, which examined 20 dry cleaning plants, concluded that gasket and other leaks, solvent retention in garments during unloading, and poor ventilation were common problems. 12 No relationship existed between plant size and solvent mileage (see Table 3 ). For It is becoming increasingly apparent that good housekeeping practices can put a big dent in solvent losses, and can do so at a minimum cost. Any company can benefit from a systematic housekeeping routine. It should include daily monitoring of solvent mileage, checking for solvent leaks through the regular examination of gaskets and hose couplings, and paying careful attention to solvent extraction from solid waste residuals such as filters.
Eliminating Liquid Solvent Leaks
The leakage of solvents from worn equipment and hosing may go unnoticed unless the operator routinely checks for signs of solvent loss. Liquid leaks are detectable by sight due to the trace of brown residue left on the lower side of the leak. Locate the leaks and correct promptly by patching the hole or replacing the defective part. Check regularly for liquid leakage in the following areas? 
~
More Efficient Equipment
Nowadays, a dry cleaner about to set up shop can choose from an assortment of highly efficient, low-polluting equipment. Many of the new models hitting the market today are virtually closed-loop systems. Because most of the solvent is retained within the closed system, solvent losses to the environment are minimal.
The closed-loop technology of new dry cleaning equipment extends beyond solvent recovery. Many of the new machines have heat and water conservation loops, resulting in substantial energy and water cost savings. High capital costs become more palatable when the prospective buyer takes into account future savings through reduced operating costs.
New developments in dry cleaning equipment include equipment complete with a carbon adsorption or refrigeration process, and closed-loop equipment. Companies that make closed-loop cleaning units usually make special add-on units to retrofit existing equipment.
Dry-to-Dry Machines
Dry-to-dry machines combine washing and drying functions in a single unit. In contrast, transfer machines consist of a wash unit and a separate drying machine, requiring worker contact with solvent-containing clothes during their movement from the washer to the dryer.
Although all coin-operated perchloroethylene machines are dryto-dry, many commercial and industrial perchloroethylene facilities still use transfer machines. The shift in use to dry-to-dry machines will result in decreased solvent levels in the work environment.
In contrast to perchloroethylene machines, virtually all equipment designed to use fluorocarbons are closed-loop, dry-to-dry units. The high cost of fluorocarbons prompted early development of closedloop technology for fluorocarbon systems. Years later, as perchloroethylene costs increased and anti-pollution regulations tightened, equipment designers brought out a line of highly efficient perchloroethylene machines.
"Cold dry" systems are innovation on the horizon. Low temperature drying is an improvement over hot drying because solvent losses are minimized. Furthermore, delicate fabrics can be processed safely and machine seals remain intact longer.
When Uni-Rent Ltd. (Whitby, Ontario) bought into an ailing cleaning company in 1977, it was fast to upgrade the facility by replacing an old transfer machine with a Spencer-Mammoth dry-todry unit. Worker health and economics both figured strongly in the company's decision. "I have been told by U.S. sources that perc might cause serious health problems," says Brian Bond, one of Uni-Rent's three co-owners. "I'll take every precaution I can if I have 23 people working here with me."
In 1977, perchloroethylene cost $2.40 a gallon. In the four years since, perchloroethylene has shot up to $6 per gallon.
"There was an incentive to cut solvent losses, especially on the scale that we were using it," says Bond.
Uni-Rent uses 300 gallons of perc a month. According to Bond Other improvements in the Permac equipment that contribute to its high solvent mileage of 30,000 to 50,000 pounds of fabric per drum of solvent include its Sentinel system. The Sentinel system monitors drying time so that drying is automatically extended until the load is completely dry, thereby reducing the movement of solvent vapours into the plant when clothes are r e m 0~e d . l~ Chemicals and soap are added automatically through closed containers, minimizing solvent loss. Spent cartridges can be dried out within the machine to recover residual solvent before disposal. H Frimair (France) recently entered the dry cleaning equipment field when they perfected the integration of a built-in refrigeration unit and a heat pump as a major breakthrough in dry cleaning technology.ls The machine uses closed-loop technology, does not require outside venting or a carbon-activated reclaimer.
The rate of solvent recovery is accelerated over other systems because condensation is achieved through a built-in freon refrigeration unit with a compressor instead of a conventional water cooling unit.
The rapid speed of the solvent recovery operation permits a longer deodorization phase than other equipment types, without prolonging the length of the cycle. 
Emission Control Technology
Many neighbourhood dry clean--ing plants and industrial facilities have been in the business for years. Most of the dry cleaning equipment currently in use was purchased years before solvent emissions became a concern. How-___ Perc-laden air from the washing machine (unit on the right) and reclaiming dryer (centre unit) are ducted to carbon adsorption units behind.
These twin carbon adsorption units permit continuous stripping of perc from solvent-laden air prior to exhausting to the outside environment.
ever, some machines may be costing the owner thousands of dollars each year in lost solvent costs. In some instances, a business might be shrewd to invest in more efficient equipment that promises reduced operating costs in the future.
In 
Perchloroethylene Plants
Most perchloroethylene plants use a reclaiming dryer which . permits recovery of evaporated solvent during drying. During deodorizing, however, solventladen air is typically exhausted directly t o the ambient air.
Solvent-laden dryer exhaust can be controlled by carbon adsorption and refrigeration/condensation technologies. Muck stripping and reducing solvent losses from still bottoms are also discussed.
Carbon Adsorption
Carbon adsorption is used to control solvent emissions from air otherwise exhausted directly to the outside of the dry cleaning facility.
Many new equipment designs incorporate carbon adsorption right into the installation. An assortment of carbon adsorption units are currently available that can be retrofitted to accommodate an existing dry cleaning facility.
Most Canadian dry cleaning plants lack carbon adsorbers. In the United States, 35 to 40% of the commercial systems and 50% of the industrial systems use a carbon adsorber for pollution control.2
Deodorizing may account for 10 to 50% of the solvent lost in processing every load of garments, depending upon the type of load and other factors.l9 A faulty damper may permit deodorization to occur unnoticed during the drying cycle, seriously increasing solvent losses.
Exhaust from the solvent storage tanks, distillation unit, muck cooker, dryer condenser and plant ventilation system can all be rerouted to feed into the carbon adsorption unit (see Figure 3) . Commercial adsorption units typically contain one carbon cannister which is desorbed once a day. Larger industrial facilities contain dual units to permit simultaneous adsorption and desorption.
During the carbon adsorption process (see Figure 4) , the solvent in the incoming air temporarily attaches to the carbon bed. Air cleaned of solvent is exhausted to the outside of the plant. During the desorption, the carbon bed is regenerated by flushing with steam to pick up solvent. Then the steam and solvent vapour undergo condensation and separation.2O The clean solvent is re-used in the dry cleaning process. Carbon adsorption can remove more than 96% of the solvent in the exhaust stream otherwise vented to the At Embassy Cleaners (Toronto), numerous floor vents occur at ground level and adjacent to the dry cleaning equipment. Solvent-laden plant air is ducted from these vents to the carbon adsorption units.
This distillation unit is used to purify contaminated liquid perchloroethylene for re-use in the washing process. The 1981 capital cost of a carbon adsorber for a small commercial plant (25-pound machine) is about $5000 (Canadian). 16 Carbon adsorption is most attractive for the larger industrial dry cleaner, who can actually show a profit from applying this solvent recovery system.2l Although no profit is shown for the small commercial dry cleaner, the equipment can be operated without significant effect on plant profitability.8 As solvent costs continue to escalate, the pay-back economics can only improve.
Repigeration I Condensation
An alternative to carbon adsorption is the refrigeration solvent recovery unit. In the refrigerated condenser system, the stripped air is returned directly to the dry cleaning machine, eliminating the need for external venting ducts. Unlike carbon adsorption technology, the application of refrigeration solvent recovery to perchloroethylene dry cleaners is relatively recent.
Incoming solvent-laden air is cooled by refrigeration to strip it of its solvent (see Figures 5, 6) . The temperature of the solvent-laden air is cooled below the dew point of the vapour, causing it to condense. The solvent-free air is returned to the dry cleaning machine, and the condensed vapour drains to a water separator. The recovered solvent is fed into a storage tank for future use and the water from the separator is sewered.
A major advantage of refrigeration units over carbon adsorption systems is that they do not require a costly steam installation to regenerate the carbon. Although capital costs tend to be slightly higher for refrigeration units than for carbon adsorbers, the annual operating costs are less?
Perchloroethylene solvent mileage at Model Blue Ribbon
Cleaners was already 18,000 pounds per drum with the installation of its Multimatic dry-to-dry cleaning machine. Addition of a refrigerated solvent recovery system, however, boosted solvent mileage to 28,000 pounds of fabric per drum of solvent.22
The refrigeration unit has certain advantages over carbon adsorption units. Because many steam, air and water connections are eliminated, the cost of the installation is about a quarter of a conventional adsorber unit. And, because clothes come out of the 
Reducing Solvent in Still Bottoms
Residues in the bottom of the distillation unit are also rich in solvent. Proper distillation can reduce the solvent content in the still bottoms to less than 60% by weight? Perchloroethylene content in still bottoms can be reduced to 1% through the use of oil cookers (similar to muck cook-
Petroleum Plants
Emission control systems suitable for dry cleaning plants that use petroleum solvents include the following: carbon adsorption, condensation, muck stripping, and incineration of still bottoms and dryer exhaust.
Carbon Adsorption
The annual and capital costs of carbon adsorption are considered too great at present for widespread acceptance of this technology by plants using petroleum solvents.8
When carbon adsorption is used, the technology is similar to that used by perchloroethylene plants. H Installation of a carbon adsorption system at a very large dry cleaning plant in Anaheim, California resulted in a 95% reduction of petroleum in the dryer exhaust.
Condensation
Condensation solvent recovery is a relatively new technology for petroleum dry cleaners. Despite its efficiency in reducing solvent emissions and its promising payback, relatively few petroleum cleaners use the system.
The new system is designed to replace conventional dryers. Both the condensation system and the conventional dryer use steamheated coils to drive off the solvent contained in the fabrics. The major difference is that the condensation solvent recovery unit uses watercooled coils to condense the solvent vapours.
The petroleum solvent is separated from the water i n a separator unit and recovered for re-use. The unit has a 90% efficiency in reduced solvent vapours otherwise exhausted by a conventional dryer.6
The capital cost of a condensation solvent recovery unit is enough to make any company president think twice about such a purchase. Solvent recovery dryers sell for three times the price of conventional non-recovery dryers.
A shrewd businessman will look beyond the capital cost and calculate the long-term operating costs of such a venture. Although the capital cost for a 105-pound condensation solvent recovery unit is $15,000 (U.S. dollars in 198l>, the first year of operation will net the company a credit of $5000 through reduced solvent costs? Pay-back period to pay off the equipment is 3 years. For the smaller operator, purchase of a 50-pound unit is still an investment, however the payback is estimated at 8 years. Both these calculations do not take into account the effects of inflation. In an inflationary economy, recycling becomes even more profitable since the equipment cost is fixed in time while the dividends from the Refrigeration /Condensation System Low temperature refrigeration is used to strip solvent from the air. As stripping is required for only a few minutes during aeration at the end of each drying cycle, the size of the refrigeration unit is kept to a minimum by using a cold storage system. 
Muck Stripping
During muck stripping, a vacuum assembly presses the filter cake to squeeze out residual solvent. Typically, the dry muck is then sealed in a bag for disposal. A muck stripper is now available that can recover Stoddard solvent for re-use. Solvent is squeezed out of the filter cake at a rate of about 0.3 gallons per pound. One commercially available model can handle 45 gallons of solvent before the muck must be emptied.*
Incineration of Still Bottoms and Dryer Exhaust
The wastes left in the bottom of the vacuum still typically contain oils, lint, dirt, detergent and solvent. In Canada, it is common to landfill this waste. In the United States, land disposal of this waste must be in a secure landfill. A preferable management option is the use of still bottoms as an auxiliary fuel during hightemperature incineration.
Incineration of petroleum-laden dryer exhaust is feasible only if the plant has large on-site steam and heat requirements. Incineration without the benefits of heat recovery tends to be a less economical venture.
Fluorocarbon Plants
Historically, dry cleaning equipment designed to use fluorocarbon solvents was the best designed of the dry cleaning equipment, incorporating built-in controls and maximizing solvent recovery. As the price of other solvents increased, the engineering principles used in fluorocarbon equipment were applied to the design of perchloroethylene and petroleum dry cleaning equipment.
Conclusion
Technological innovation in the dry cleaning industry has moved into high gear, bringing with it an abundance of highly efficient, low-polluting equipment that promises to clean better, more safely and at a lower cost. In many instances, the larger dry cleaning establishments are losing money by not modernizing. The unnecessary loss of solvents, energy and water due to old, inefficient equipment will gradually eat into a company's profit margin.
For the small operator, the capital costs of modernization may be more difficult to overcome. However, in addition to investments in new equipment, there are more affordable measures such as good housekeeping practices that a business of any size can employ to minimize pollution. Good housekeeping practices to limit solvent emissions are an integral part of protecting the environment while enhancing company profits.
